In a bronze method, uphill diffusion of Sn takes place from a binary Cu-Sn alloy to Nb 3 Sn during reactive diffusion between the Cu-Sn alloy and Nb at temperatures around 1000 K. In order to account for the occurrence of the uphill diffusion quantitatively, the phase equilibria in the ternary Cu-Nb-Sn system were theoretically analyzed using a thermodynamic model for phases with different sublattices. In this ternary system, there is no ternary compound and the solubility of the third component is very small for all the phases. Consequently, the ternary interaction was assumed negligible, and thus the Gibbs energy of each phase was expressed with the thermodynamic parameters of the relevant binary systems. In an isothermal section calculated at 1053 K, the three-phase equilibrium of Cu + Nb + Nb 3 Sn appears at an activity of Sn with 0.0047. If the activity a 
Introduction
A bronze method is widely used to manufacture multifilamentary superconductor materials with Nb 3 Sn. [1] [2] [3] [4] [5] [6] [7] [8] [9] In this method, multifilamentary wires of Nb are embedded in a CuSn alloy matrix and then annealed at an appropriate temperature. Owing to reactive diffusion during annealing, Nb 3 Sn is formed as a layer at the interface between Nb and the Cu-Sn alloy. The growth behavior of the Nb 3 Sn layer was studied by many investigators. [1] [2] [3] [4] [5] [6] [7] [8] [9] However, monofilamentary and multifilamentary diffusion couples were used in most of the studies. In such diffusion couples, the interdiffusion of the constituent components takes place in rather complicated manners, and hence the Nb 3 Sn layer with a uniform thickness cannot be formed easily. Therefore, the filamentary diffusion couples are not adequate for examination of the kinetics for formation of the Nb 3 Sn layer.
The growth behavior of the Nb 3 Sn layer was experimentally studied by Osamura et al. using a different type of diffusion couple. 10) In their experiment, a Nb sheet was sandwiched between two plates of a binary Cu-7.4 at% Sn alloy. In this type of diffusion couple, the interdiffusion occurs along the direction perpendicular to the interface. The (Cu-7.4Sn)/Nb diffusion couple was annealed at temperatures of 973-1073 K, and then the Nb 3 Sn layer with a rather uniform thickness was observed to form at the interface. According to their observation, the mean thickness of the Nb 3 Sn layer is expressed as a power function of the annealing time. The exponent of the power function is 0.33 at 973 and 1023 K and 0.51 at 1073 K. If the growth of the Nb 3 Sn layer is governed by the volume diffusion of the constituent components in each phase, the exponent is equal to 0.5. On the contrary, the grain boundary diffusion across the Nb 3 Sn layer will control the growth at low temperatures where the volume diffusion is actually frozen out. When the growth is purely governed by the grain boundary diffusion and grain growth takes place in the Nb 3 Sn layer according to the parabolic law, the exponent becomes 0. 25. 11) Here, the parabolic law means that the grain size of a growing compound layer increases in proportion to the square root of the annealing time. For the growth of the Nb 3 Sn layer, the exponent is 0.33 at 973 and 1023 K and increases with increasing annealing temperature. At 1073 K, it becomes 0.5. The exponent 0.33 shows that the grain boundary diffusion contributes to the rate-controlling process and the grain growth occurs at certain rates at 973 and 1023 K. However, at 1073 K, the volume diffusion becomes predominant, and thus the exponent coincides with 0.5. Such temperature dependence of the exponent was discerned also for the growth of binary Cu-Sn compound layers during reactive diffusion between Cu and Sn at 433-473 K. 12) Therefore, it may be expected that this type of rate-controlling process generally works in the bronze method.
A binary Cu-8.3 at% Sn alloy was used to examine experimentally the growth behavior of the Nb 3 Sn layer in a previous study. 13) In that experiment, the diffusion couple was prepared by sandwiching a Nb sheet between two plates of the Cu-Sn alloy and then annealed at temperatures of 923-1053 K. Also for the (Cu-8.3Sn)/Nb diffusion couple, the mean thickness of the Nb 3 Sn layer is described as a power function of the annealing time. Unlike the (Cu-7.4Sn)/Nb diffusion couple, however, the exponent of the power function is close to unity at 923 and 973 K and monotonically decreases from 0.96 to 0.77 with increasing annealing temperature from 973 to 1053 K. This means that the interface reaction is the rate-controlling process for the growth of the Nb 3 Sn layer at 923-973 K and the interdiffusion contributes to the rate-controlling process at 973-1053 K. Considering the observation for the (Cu-7.4Sn)/Nb diffusion couple, we may expect that the volume diffusion governs the interdiffusion at 1053 K but the grain boundary diffusion contributes to the interdiffusion at 923-1023 K.
However, the observation for the (Cu-8.3Sn)/Nb diffusion couple indicates that the temperature dependence of the ratecontrolling process recognized for the Cu/Sn and (Cu-7.4Sn)/Nb diffusion couples does not work generally in the bronze method.
In the bronze method, Nb 3 Sn is formed due to the reactive diffusion between Nb and a binary Cu-Sn alloy with a concentration of Sn even much smaller than 25 at%. This means that uphill diffusion of Sn occurs from the Cu-Sn alloy to Nb 3 Sn. In order to account for the occurrence of the uphill diffusion quantitatively, the phase equilibria in the ternary Cu-Nb-Sn system have been theoretically analyzed in the present study. A thermodynamic model developed by Hillert and Staffansson 14) has been used for the analysis. In the (Cu-7.4Sn)/Nb diffusion couple, 10) the grain boundary diffusion contributes to the rate-controlling process at 973-1023 K, and the volume diffusion governs the rate-controlling process at 1073 K. In such a case, the local equilibrium is realized at each moving interface during the reactive diffusion at 973-1073 K. On the other hand, in the (Cu-8.3Sn)/Nb diffusion couple, 13) the interface reaction is the rate-controlling process at 923-973 K, and the interdiffusion mainly governs the ratecontrolling process at 1053 K. In this case, the local equilibrium at the moving interface cannot be actualized at 923-973 K, and hence the phase equilibria have a less physical meaning. 15) Thus, the present analysis has been carried out at a temperature of 1053 K. On the basis of the phase equilibria, the driving force for the uphill diffusion will be estimated quantitatively.
Experimental Summary
As already mentioned in Section 1, the growth behavior of the Nb 3 Sn layer was experimentally examined for the (Cu-7.4Sn)/Nb diffusion couple by Osamura et al. 10) and for the (Cu-8.3Sn)/Nb diffusion couple in a previous study.
13 ) The experimental results for these diffusion couples will be summarized briefly in this section. For simplicity, however, the type of diffusion couple is hereafter merely denoted by the composition of the Cu-Sn alloy in the diffusion couple.
In those experiments, the mean thickness l of the Nb 3 Sn layer was determined as a function of the annealing time t. The results for the Cu-7.4Sn and Cu-8.3Sn diffusion couples are indicated as open squares and circles, respectively, in Fig. 1 . In this figure, the ordinate and the abscissa show the logarithms of l and t, respectively. As can be seen in Fig. 1 , the thickness l monotonically increases with increasing annealing time t. Furthermore, the plotted points for each diffusion couple lie well on a straight line. This indicates that l is mathematically described as a power function of t by the equation
where t 0 is unit time, 1 s. It is adopted to make the ratio t=t 0 dimensionless. The proportionality coefficient k has the same dimension as the thickness l, but the exponent n is dimensionless. From the plotted points in Fig. 1 , we obtain k ¼ 7:3 Â 10 À9 m and n ¼ 0:55 for the Cu-7.4Sn diffusion couple and k ¼ 1:1 Â 10 À9 m and n ¼ 0:77 for the Cu-8.3Sn diffusion couple by the least-squares method. Using these values of k and n, l was calculated as a function of t from eq. (1). The results for the Cu-7.4Sn and Cu-8.3Sn diffusion couples are shown as dashed and solid straight lines, respectively, in Fig. 1 . As can be seen, the growth rate of the Nb 3 Sn layer is greater for the Cu-8.3Sn diffusion couple than for the Cu-7.4Sn diffusion couple, even though the annealing temperature is lower by 20 K for the former diffusion couple than for the latter diffusion couple. Consequently, it is concluded that the addition of Sn with 1 at% into the Cu-7.4Sn alloy considerably accelerates the growth rate of the Nb 3 Sn layer at annealing temperatures around 1000 K.
Typical concentration profiles of Cu, Nb and Sn across the Nb 3 Sn layer in the Cu-8.3Sn diffusion couple are shown as open rhombuses, squares and circles, respectively, in Fig. 2 . In this figure, the abscissa indicates the distance, and the ordinate shows the mol fraction x i of component i (i ¼ Cu, Nb, Sn). The annealing temperature and time of this diffusion couple are 1053 K and 156 h (5:62 Â 10 5 s), respectively. As can be seen, the Nb 3 Sn layer with l ¼ 30 mm is recognized between the Cu-Sn alloy and Nb. The concentration of Cu monotonically decreases from the Cu-Sn alloy to Nb, and that of Nb from Nb to the Cu-Sn alloy. However, the concentration of Sn is higher in the Nb 3 Sn layer than in the Cu-Sn alloy. This means that the uphill diffusion of Sn occurs from the Cu-Sn alloy to the Nb 3 Sn layer.
Analysis
A thermodynamic model for phases with different sublattices was recently developed by Hillert and Staffansson. 14) In this model, the fraction of sites in each sublattice occupied by a component is expressed by the site fraction. The sum of site fractions in each sublattice is equal to unity by definition. Their thermodynamic model was used to calculate the phase Fig. 1 The thickness l of the Nb 3 Sn layer versus the annealing time t for the Cu-8.3Sn diffusion couple at 1053 K in a previous study 13) and for the Cu-7.4Sn diffusion couple at 1073 K by Osamura et al. 10) Straight lines indicate the calculations from eq. (1).
equilibria in the ternary Cu-Nb-Sn system. The expression of the Gibbs energy for each phase will be explained below.
Liquid, Fcc and Bcc
The Gibbs energy G m is described with a single-sublattice model for the liquid phase, the Cu-rich solid-solution phase with face-centered cubic (fcc), the Nb-rich solid-solution phase with body-centered cubic (bcc) and the bcccompound phase in the binary Cu-Sn system. It was assumed that Cu, Nb and Sn could substitute for one another on a single sublattice and there was no ternary interaction among these components. These assumptions result in the following equation for G m per mol of atoms.
Here, the excess Gibbs energy E G m is represented by
In these equations, y i denotes the site fraction of component i on the sublattice. In the case of the single-sublattice model, however, the site fraction y i coincides with the mol fraction x i of component i. Furthermore, T is the absolute temperature, R is the gas constant, G i is the molar Gibbs energy of pure component i, and L i; j is the interaction parameter between components i and j described as a function of the composition according to a Redlich-Kister polynomial as follows.
16)
The numerical value of G i is given relative to the molar enthalpy H SER i of a selected reference state for pure component or element i at 298.15 K. This state is denoted by SER (stable element reference). 16) 
Nb 3 Sn
According to the concentration profiles in Fig. 2 , the solubility of Cu in Nb 3 Sn is very small. Thus, Nb 3 Sn was assumed to be a binary Nb-Sn compound. The same assumption was applied to all the other Nb-Sn compounds. However, a different sublattice model was used for each compound. As to Nb 3 Sn, a two-sublattice model was adopted according to a treatment by Toffolon et al. 17) In this model, Nb and Sn can substitute for each other on both sublattices. The chemical formula of Nb 3 Sn is expressed as (Nb,Sn) 3 (Nb,Sn). It yields the following expression of G m for one formula unit. 
Here, L i; j:i is the interaction parameter between components i and j on sublattice s with sublattice t occupied by only component i, and L j:i; j is that between components i and j on sublattice t with sublattice s filled with only component j. The colon distinguishes sublattices, and the comma separates components interacting in the same sublattice. The site fractions y s i and y t i are converted into the mol fraction x i by the following equation.
3.3 Nb 6 Sn 5 A three-sublattice model was used for Nb 6 Sn 5 to express the chemical formula as Nb 24 Sn 16 (Nb,Sn) 4 . 17) In this model, the following expression of G m is obtained for one formula unit.
According to a treatment by Toffolon et al., 17) E G m in eq. (8) is omitted also in the present study.
NbSn 2
It is assumed by Toffolon et al. 17) that NbSn 2 is a binary line compound. Their assumption was adopted also in the present study. Thus, G m for NbSn 2 becomes equal to the Gibbs energy G Nb:Sn for one formula unit. 
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Results and Discussion

Isothermal section
According to the sublattice models mentioned in the previous section, there is no ternary interaction among Cu, Nb and Sn in all the phases. Thus, the Gibbs energy G m of each phase is described with the thermodynamic parameters of the relevant binary systems. The numerical values of the thermodynamic parameters in the binary Cu-Nb, Cu-Sn and Nb-Sn systems [17] [18] [19] are listed in Table 1 . In this table, however, the values are shown only for the phases stable at 1053 K. Using these values, an isothermal section at 1053 K of the phase diagram in the ternary Cu-Nb-Sn system was calculated by a technique reported in a previous study.
20 ) The result is shown in Fig. 3 . In this figure, the ordinate indicates the mol fraction x Sn of Sn, and the abscissa shows the mol fraction x Nb of Nb. Furthermore, the Cu-rich and Nb-rich solid-solution phases are merely denoted by Cu and Nb, respectively, and the liquid phase is indicated as L. In the present study, however, attention is focused on the phase equilibria relevant to the Cu, Nb and Nb 3 Sn phases. Therefore, only an area at x Sn < 0:27 of the isothermal section is indicated in Fig. 3 . As can be seen in this figure, Nb 3 Sn is in equilibrium with the Cu, Nb, and L phases. As a result, triangles for the three-phase equilibria of Cu + Nb + Nb 3 Sn, Cu + + Nb 3 Sn and L + + Nb 3 Sn appear in the isothermal section. The calculation also indicates that the three-phase equilibria of L + Nb 3 Sn + Nb 6 Sn 5 and L + Nb 6 Sn 5 + NbSn 2 emerge in an area at x Sn > 0:27 of the isothermal section. Such three-phase equilibria are actually observed at an experimental phase diagram in the ternary Cu-Nb-Sn system. 21) Since the solubility of Nb is very small for the Cu, and L phases, the phase boundary of single-phase region is not clearly distinguishable for these phases in Fig. 3 . Thus, an area at x Nb < 6:5 Â 10 À4 of Fig. 3 is magnified in Fig. 4 . As can be seen, the solubility of Nb is around x Nb ¼ 1 Â 10 À5 for the Cu phase, x Nb ¼ 5 Â 10 À4 {6 Â 10 À4 for the phase and x Nb ¼ 1:4 Â 10 À5 {1:8 Â 10 À5 for the L phase. According to the result in Fig. 3 , the solubility of Cu in the Nb phase is also very small. As already mentioned in the previous section, the ternary interaction is omitted for all the phases. For phases with small solubility of the third component, the ternary interaction is actually considered negligible.
Activity Diagram
The kinetics of reactive diffusion is theoretically analyzed for a hypothetical binary A-B system consisting of two primary solid-solution phases and one compound phase in a previous study. 22) In that analysis, the growth of the compound layer formed at the interface between the two primary solid-solution phases with a semi-infinite thickness is mathematically described with diffusion equations. The analysis indicates that the growth rate of the compound layer is predominantly determined by the interdiffusion across the compound layer. The interdiffusion coefficient D is related with the intrinsic diffusion coefficients D A and D B of components A and B, respectively, by the following equation. 23 )
Here, x A and x B are the mol fractions of components A and B, respectively. As already shown in Fig. 2 
. The observation by Osamura et al. 10) implies that D Sn is much greater than D Nb and thus D % 0:75D Sn . This means that the intrinsic diffusion of Sn governs the interdiffusion across the Nb 3 Sn layer and thus the growth rate of the Nb 3 Sn layer. In quantitative explanation for the occurrence of the uphill diffusion, it is convenient to consider the activity instead of the composition. Consequently, the isothermal section in Fig. 3 is represented in a different manner in Fig. 5 . In this figure, the ordinate indicates the activity a Sn of Sn with a reference state of the L phase of pure Sn, and the abscissa shows the compositional parameter u Nb between Nb and Cu defined as u Nb ¼ x Nb =ðx Nb þ x Cu Þ. In such an activity diagram, a three-phase equilibrium is shown as a horizontal straight line but not a triangle. As can be seen in Fig. 5 , the activity of Sn is a Sn ¼ 0:0047, 0.030 and 0.044 for the three-phase equilibria of Cu + Nb + Nb 3 Sn, Cu + + Nb 3 Sn and L + + Nb 3 Sn, respectively. As mentioned earlier, however, the solubility is very small for Nb in the Cu, and L phases and for Cu in the Nb phase. Thus, the single-phase regions of the , Cu and Nb phases in Fig. 5 are magnified in Figs. 6, 7 and 8, respectively. As already shown in Fig. 4 , the solubility of Nb is greater in the phase than in the L and Cu phases. As a result, in Fig. 6 , the , L and Nb 3 Sn phases construct a peritectic type of invariant reaction, whereas the , Cu and Nb 3 Sn phases compose a eutectoid type of invariant reaction. Therefore, the phase is only stable between these two invariant reactions. On the contrary, in Fig. 7 , the Cu phase is in equilibrium with the Nb and Nb 3 Sn phases as well as the phase. The activity of Sn for the three-phase equilibrium of Cu + Nb + Nb 3 Sn is greater than that for the Cu + Nb two-phase region but smaller than that for the Cu + Nb 3 Sn two-phase region. At the Nb-rich corner in Fig. 8 , the solubility of Cu is very small in the Nb phase, but completely zero in Nb 3 Sn according to the assumption. As a consequence, the Cu, Nb and Nb 3 Sn phases construct a peritectoid type of invariant reaction. On the basis of the phase equilibria in Figs. 6-8 , the characteristic feature of the activity diagram in Fig. 5 is schematically indicated in Fig. 9 . In this figure, however, each single-phase region is exaggerated extremely. Furthermore, a capable diffusion path in the bronze method is sketchily depicted as a dotted
curve. An open circle shows the activity of Sn for a binary Cu-Sn alloy, and an open triangle indicates that for pure Nb. Since the activity of Sn monotonically decreases from the open circle to the open triangle along the dotted curve in Fig. 9 , the diffusion of Sn spontaneously occurs from the binary Cu-Sn alloy to pure Nb through Nb 3 Sn. This is the reason why the uphill diffusion of Sn takes place from the Cu-Sn alloy to Nb 3 Sn.
Comparison with Observation
Since the activity of Sn is surely greater for the binary CuSn alloy than for pure Nb, we may expect that Nb 3 Sn is always produced in the bronze method. In order for Nb 3 Sn to form spontaneously, however, the activity of Sn should be greater for the Cu-Sn alloy than for the three-phase equilibrium of Cu + Nb + Nb 3 Sn. In Fig. 9 
where f is defined as
For the Cu phase with the single-sublattice, y Sn and y Cu are readily obtained from x Sn by the equations y Sn ¼ x Sn and y Cu ¼ 1 À x Sn , respectively. From eqs. (10) and (11) 
8)
The value of a c Sn is predominantly determined by the phase stability of Nb 3 Sn in the binary Nb-Sn system. The phase stability of Nb 3 Sn was carefully considered in an assessment of the thermodynamic parameters in the binary Nb-Sn system by Toffolon et al. 17) In their assessment, the enthalpy of formation for Nb 3 Sn was experimentally measured by themselves. Although experimental information was not available for the activities of Sn and Nb, their thermodynamic parameters deduced reliable phase equilibria relevant to Nb 3 Sn in the binary Nb-Sn system. On the other hand, in the binary Cu-Sn system, the activity of Sn in the Cu phase was experimentally determined by Alcock and Jacob 25) and by Sommer et al. 26) Such experimental results were used by Shim et al. 19) for an assessment of the thermodynamic parameters in the binary Cu-Sn system. Their thermodynamic parameters provide values of a Table 1 result in satisfactorily reliable phase stability of Nb 3 Sn in the ternary Cu-Nb-Sn system.
As mentioned earlier, the formation of Nb 3 Sn was experimentally observed at 973-1073 K for the Cu-7.4Sn diffusion couple by Osamura et al. 10) and at 923-1053 K for the Cu-8.3Sn diffusion couple in a pervious study. 13 ) From eqs. (10) and (11), a value of a b Sn ¼ 0:026 is evaluated for x Sn ¼ 0:074 at 1053 K. According to the isothermal section in Fig. 4 , however, the solubility of Sn in the Cu phase of the binary Cu-Sn system is x Sn ¼ 0:081 at 1053 K. Hence, the composition x Sn ¼ 0:083 is located in the Cu + two-phase region. Actually, a small amount of the phase was observed in the Cu-8.3Sn alloy at 1053 K. 13) From the activity diagram in Fig. 6 , a value of a (13), we obtain ÁG Sn ¼ 15 and 16 kJ/mol for the Cu-7.4Sn and Cu-8.3Sn diffusion couples, respectively, at 1053 K. Thus, ÁG Sn is greater for the latter diffusion couple than for the former diffusion couple. This is the reason why the growth rate of the Nb 3 Sn layer is greater in the Cu-8.3Sn diffusion couple than in the Cu-7.4Sn diffusion couple as shown in Fig. 1 . In order to analyze the growth rate theoretically, the mobility should be known for each component in all the phases. Unfortunately, however, such information is very limited in the ternary CuNb-Sn system.
Conclusions
The uphill diffusion of Sn occurs from the binary Cu-Sn alloy to Nb 3 Sn during annealing at temperatures around 1000 K in the bronze method. In order to explain the occurrence of the uphill diffusion quantitatively, the phase equilibria in the ternary Cu-Nb-Sn system were theoretically analyzed using the thermodynamic model developed by Hillert and Staffansson. 14) Since the solubility of the third component is very small for all the phases, the ternary interaction was assumed negligible. Thus, the Gibbs energy G m of each phase was described with the thermodynamic parameters of the relevant binary systems. An isothermal section at 1053 K of the phase diagram in the ternary Cu-NbSn system was calculated by the technique reported in a previous study. 20) In the isothermal section, the three-phase equilibrium of Cu + Nb + Nb 3 Sn appears at an activity of Sn with 0.0047. When the activity a 
